Variability in daily wintertime [December-February (DJF) ] frequencies is examined using 40-yr ECMWF ReAnalysis (ERA-40) data. Leading EOFs of L correspond to planetary-scale teleconnection patterns; those of M to retrograding, eastward-dispersing long waves oriented along great circle routes; and those of H to baroclinic waves in the climatological-mean storm tracks. In the Atlantic sector, EOF 1 of M appears to be embedded in EOF 1 of L.
Introduction
In studies of the spatial structure and evolution of the variability of atmospheric fields such as geopotential height, it has often proven useful to decompose the variability into frequency bands with frequencies higher and lower than (6 day)
21
, in which case the ''high frequency'' variability is associated with eastward propagating baroclinic waves and the ''low frequency'' variability relates to the background flow upon which they are superimposed. When the variability of the Northern Hemisphere wintertime geopotential height field is decomposed in this manner, the leading empirical orthogonal functions (EOFs) and dominant clusters of the low frequency variability can be identified with the more prominent hemispheric teleconnection patterns (Wallace and Gutzler 1981; Kimoto and Ghil 1993; Cheng and Wallace 1993) , and there is clear evidence of coupling between the storm tracks (the envelopes of maximum high-frequency variability that encompass the oceanic waveguides for baroclinic waves) and the teleconnection patterns (Lau 1988; Lorenz and Hartmann 2001, 2003) . The low frequency flow anomalies perturb the storm tracks and the perturbed high frequency transient eddies, in turn, feed back upon the background flow through their potential vorticity fluxes, maintaining the existing pattern of anomalies or causing the background flow to evolve in some preferred way.
An obvious limitation of the two-way (high versus low frequency) breakdown is that the term low frequency variability encompasses a diverse set of phenomena, including blocking anticyclones, cutoff lows, and zonally propagating Rossby waves with slow phase speeds. In terms of spatial scales, low frequency variability is made up of contributions from annular (zonal wavenumber k 5 0) variability and fluctuations in both planetary (k 5 1, 2) waves and long (k 5 3-5) waves. The diversity of structures included within the category of ''low frequency variability,'' defined in this manner, is reflected in the relatively small fractions of the variance explained by the leading EOFs of, say, 5-day mean geopotential height fields as compared with monthly-mean or seasonalmean fields.
When the variability with frequencies lower than (6 day)
21 is subdivided into subranges with frequencies lower and higher than (30 day) 21 , geographically fixed, planetary-scale teleconnection patterns are most clearly evident at the low frequency subrange, while retrograding, eastward-dispersing long-wave patterns are more prevalent in the high frequency subrange. For example, Blackmon et al. (1984a) found that the signatures of the dominant hemispheric teleconnection patterns are clearly discernible in one-point correlation maps for seasonal-and monthly-mean fields but not in those for 10-30-day bandpass-filtered fields. Schubert (1986) analyzed the leading hemispheric EOFs of the time-filtered 500-hPa streamfunction using a set of filters that decomposed the variability into (.45 day)
, (20-45 day)
, (10-20 day)
, and (2.5-6 day) 21 frequency bands. The familiar hemispheric teleconnection patterns are clearly apparent only in the lowest frequency (.45 day) 21 band. There are hints of these patterns on shorter time scales, but the dominant wavelengths become progressively shorter as frequency increases, the fraction of the variance explained by the leading modes decreases, and the spatial patterns of the leading EOFs appear to lose their hemispheric-scale integrity. In a related study Kushnir and Wallace (1989) reported that well-defined hemispheric teleconnection patterns emerge as leading rotated EOFs of the interannual variability but not in the frequency bands corresponding to the intraseasonal variability.
Well-defined patterns of evolution have been reported for variability in the (10-30 day) 21 frequency range. Blackmon et al. (1984b) documented pervasive downstream dispersion in the evolution of long-wave patterns in one-point lag-correlation maps. Kushnir (1987) and Branstator (1987) showed that over the Pacific sector downstream dispersion is often accompanied by retrogression of the primary centers of action, giving the impression of a cyclic evolution with a characteristic period on the order of a few weeks. Lau and Nath (1999) analyzed the vorticity budget of these retrograding, intraseasonal time scale disturbances in the Pacific sector in the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalyses and in an atmospheric general circulation model and concluded that their behavior can be explained on the basis of Rossby wave dynamics.
Although the filtering algorithms differ among the studies cited in the previous paragraph, the results appear robust: fluctuations with frequencies lower and higher than ;(30 day) 21 exhibit discernibly different structures and evolutions. In this paper we will analyze the crossfrequency coupling between fluctuations with frequencies within these subranges of the low frequency category in a two-way decomposition. We will henceforth refer to low frequency variability (L) as comprising fluctuations with periods longer than 30 days, intermediate frequency variability (M) as fluctuations in the 6-30-day period range, and high frequency variability (H) as fluctuations with periods shorter than 6 days.
A possible theoretical justification for separating L and M in this manner is that the time derivative term is negligible in comparison to the other terms in the vorticity balance of L but it plays an important role in the dynamics of M. We will show that the structural distinction and cross-frequency coupling between L and M are not unduly sensitive to the specification of the cutoff frequency between them.
In the published literature there are indications that the variance of M over certain regions of the hemisphere varies in response to changes in the background flow. Palmer (1988) showed that the variance of 5-day mean 500-hPa height fields over the Gulf of Alaska is about twice as large when the Pacific-North American (PNA) pattern is in its negative polarity (with no ridge over the Rockies) as when it is in its positive polarity. Palmer stratified the data on the basis of the instantaneous 5-day mean PNA index, so his results do not prove that crossfrequency coupling is occurring, but they are nonetheless suggestive. Renwick and Wallace (1996) showed that the variance of the 500-hPa height field over the Gulf of Alaska is enhanced in winters when the mean PNA index resides in its low index polarity. They found an even stronger enhancement of the variance and an increased incidence of blocking in this region during winters when the ENSO cycle is in its cold polarity. In the Atlantic sector there is evidence of an enhanced incidence of blocking in association with the negative polarity (weak westerlies state) of the North Atlantic Oscillation (NAO) (Shabbar et al. 2001; Quadrelli and Wallace 2004; Woollings et al. 2008) , which is suggestive of increased variability during these intervals.
In this paper we will substantiate the distinctions between the structure of L and M and document the existence of cross-frequency coupling between L and M. We will show that the cross-frequency coupling is responsible for most of the observed skewness in the 500-hPa height field. We will document the contributions of L and M to high amplitude blocking events and show that the M contribution exhibits the distinctive signature of retrograding, eastward-dispersing Rossby waves. We will discuss the implications of the nonlinear relationship between L and M upon the persistence of anomalies organized in the form of teleconnection patterns.
The paper is organized as follows. Section 2 describes the data and methodology, including formal definitions of L, M, and H. Section 3 shows the structure of the leading EOFs of L, M, and H in the Atlantic sector. Section 4 documents the cross-frequency coupling between both L and M and L and H in the Atlantic sector. Section 5 shows how the cross-frequency coupling between L and M dominates the skewness of the 500-hPa height field over the Northern Hemisphere as a whole. Section 6 shows the structure and evolution of the L and M components of high amplitude events (of both polarities) in the Atlantic sector. Section 7 presents a brief summary of the results for the Pacific sector. The results are summarized and discussed in the final section.
Data and methodology
This study is based on daily 500-hPa height fields from the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) (Uppala et al. 2005 , obtained from http://data-portal.ecmwf.int/ data/d/era40_daily/). The version of the ERA-40 employed provides 6-hourly output for the period September 1957 through August 2002 on a 2.58 3 2.58 grid. Daily means were generated from the 6-hourly output.
The daily 500-hPa height field time series at each latitude/longitude grid point is decomposed into low-(L), intermediate-(M), and high-frequency (H) components. The time-varying 500-hPa height Z is represented as the sum of a set of filtered time series:
or, alternatively,
where Z c is the seasonally varying climatological mean at that grid point; Z9 is the anomaly with respect to the seasonally varying climatological mean; and Z L , Z M , and Z H are filtered time series representing L, M, and H, respectively. The seasonally varying climatology is generated by creating a daily average of the raw data for each calendar day. The filtered time series are generated using Butterworth filters with low-frequency cutoffs of 6 and 30 days. Here Z L corresponds to the 30-day low-pass filtered time series, Z M to the difference between the 30-and 6-day low-pass filtered time series, and Z H to the unfiltered Z9 time series minus the 6-day low-pass time series. The frequency responses of the filters used in the study are shown in Fig. 1 . In addition, we will have occasion to refer to the 6-day low-pass filtered field:
and the 30-day high-pass filtered field:
For assessing the sensitivity of the results to the choice of cutoff frequency between Z L and Z M , some of the calculations are repeated with the 30-day low-pass filter replaced by a 20-day low-pass filter. The filtering is performed on continuous time series extending through the entire calendar year, but only data for the Northern Hemisphere winter months December-February (DJF) 1958 are used in the analysis.
To diagnose the dominant structures of L, M, and H, empirical orthogonal function analysis is performed separately for the Atlantic (208-908N, 908W eastward to 908E) and Pacific (208-908N, 908E eastward to 908W) sectors. In forming the covariance matrix the data are weighted by the square root of cosine of latitude. The analysis is performed for sectors rather than over the full hemisphere because it yields a simpler, more robust set of patterns in which the leading modes explain greater fractions of the total variance. Full hemispheric patterns are derived by regressing the hemispheric fields upon the standardized expansion coefficient [i.e., principal component (PC)] time series of the sectoral EOFs.
Leading patterns of L, M, and H in the Atlantic sector
The leading EOFs for the Atlantic sector are shown in is of planetary scale, consisting of a north-south seesaw with a primary center of action over the southern tip of Greenland and an opposing center consisting of a band stretching from the Carolina coast to northern Europe along 458N. This pattern, with the sign convention in Fig. 2 , closely resembles the positive polarity of the North Atlantic Oscillation in the 500-hPa height field. Throughout the remainder of this paper we will refer to PC 1 of Z L as our NAO index, using the symbol NAO-L to make it clear that it contains only L. The second EOF of Z L explains 15% of the total hemispheric variance and comprises three primary centers of action: two of the same polarity and similar amplitudes centered over the central North Atlantic and western Siberia, and a third, weaker center of action of opposing polarity centered over the Norwegian Sea.
EOF 1 of Z M (Fig. 2 , upper center panel) is a longwave pattern that crosses the Atlantic sector along a great circle route. Its primary center of action over the southern tip of Greenland is collocated with the primary center of action of EOF 1 of Z L , and its secondary center of action over Finland is in close proximity to the secondary center of the NAO over western Europe. The leading EOFs of Z L and Z M exhibit a spatial pattern correlation of 0.76. If the polarity is disregarded, onepoint correlation maps for Z L and Z M for grid points near the southern tip of Greenland (Fig. 3) resemble the respective EOFs. The distinction between spatial structures of the leading modes of L and M is consistent with the idealized schematic in Fig. 13 of Blackmon et al. (1984a) in which the former are depicted as north-south ''seesaws'' and the latter as trains of long waves.
EOF 2 of Z M (shown in Fig. 2 , lower center panel) is a long-wave pattern in quadrature with the wave train in EOF 1, and the corresponding expansion coefficient time series PC 2 exhibits a maximum temporal correlation with PC 1 (r 5 0.28) at a lag of 5 days. The phase relationship between the two PCs is suggestive of retrogression and downstream dispersion, reminiscent of the behavior documented by Kushnir (1987) , Branstator (1987) , and Lau and Nath (1999) over the Pacific sector. EOFs 1 and 2 of Z H (Fig. 2 , right panels) consist of wave trains, in quadrature with one another, along the Atlantic storm track with wavelengths ;4000 km. The lead/lag relationship between the corresponding PCs is indicative of eastward phase propagation, consistent with the structure and evolution of baroclinic waves.
Cross-frequency coupling
In this section we document the nonlinear relationships between the variability in L and M and between L and H, focusing on the Atlantic sector where much of the nonlinearity is NAO-related. Figure 4 shows the variance of Z M evaluated for the upper and lower terciles of the data, sorted in accordance with the value of NAO-L. For the subset in which the index was in its lowest tercile (NAO2), the variance over Baffin Bay and Scandinavia is 2-3 times as strong as in the subset in which the index was in its highest tercile (NAO1) and the variance of PC 1 of Z M is 1.7 times as large. The pattern of enhanced variance during NAO2 is more clearly delineated by regressing the variance of 
Skewness of the Z 500 field
In this section we show that much of the skewness of the 500-hPa height field documented in studies of White (1980) and Nakamura and Wallace (1991) is attributable to the cross-frequency coupling described in the previous section. Nakamura and Wallace (1991) showed that H exhibits negligible skewness in its own right and attributed most of the skewness in the Z9 field to the contributions from fluctuations with periods longer than 6 days. Hence, to simplify the analysis we consider the skewness of Z LM 5 Z L 1 Z M rather than that of Z9. Using the definition of Z LM , the numerator in the formula for the nondimensional moment coefficient of skewness Z LM 3 /(Z LM 2 ) 3/2 can be expressed as the sum of four terms, which involve time averages of 1) Z L 3 : the contribution from the skewness of L; 2) the cross product 3 Z L Z M 2 : the manifestation of the cross-frequency coupling documented in section 4; Nondimensional representations of the total skewness of Z LM and the contributions from terms 1, 2, and 4 are shown in Fig. 6 . Term 3 was also computed and found to be negligible. The cross-coupling term 2 shown in Fig. 6b is the largest contributor. The contribution from Z L (term 1; Fig. 6c ) is smaller than term 2 by roughly a factor of 2, but generally of the same shape. That the geographical distributions of the contributions from the two terms are nearly congruent suggests that additional cross-frequency coupling may be occurring within L that would be shifted to term 2 if the high frequency cutoff for L were shifted to lower frequencies. The skewness of M (term 4; Fig. 6d ) is negligible except at lower latitudes, where it makes a small but systematic contribution to the negative skewness of Z LM .
Another graphical way of representing terms 1, 2, and 4 is to construct histograms for 500-hPa height at selected grid points based on subsets of the data defined in accordance with the polarity of Z L . For this purpose we will use a grid point in Baffin Bay (708N, 608W, hereafter referred to as BB) that lies near the center of strongest positive skewness in Figs. 6a and 6b . Given the strong negative temporal correlation between Z L at Baffin Bay and PC 1 of L (r 5 20.86), it is possible to obtain qualitatively similar histograms by defining subsets of the data in accordance with the polarity of NAO-L (i.e., PC 1 of L) rather than that of Z L . Figure 7 shows histograms for Z LM , Z L , and Z M at BB for all days and for subsets of the days corresponding to positive and negative values of NAO-L. The Z L and Z M histograms based on the individual subsets of the days exhibit little skewness in their own right but, when they are added together, the resulting distribution of Z LM is positively skewed. The skewness derives from the higher mean values of Z L and Z LM during episodes of NAO2 in combination with the larger dispersions about the mean. In agreement with Fig. 6d , the skewness of Z M based on all days is very small because the means for the positive and negative polarities are both close to zero. Another way of visualizing the skewness at BB is in terms of daily values of Z M plotted as a function of Z L , as shown in Fig. 8 . The cross-frequency coupling manifests itself as an increase in vertical dispersion of the points as one moves from left to right along the abscissa, creating a triangular-shaped cloud of points. The corresponding 6-day low-pass 500-hPa height anomaly Z LM for each day can be read off the scale of the sloping gray lines on the plot. It is evident that Z LM is positively skewed, even though Z L and Z M exhibit little skewness in their own right.
Extreme events in the Atlantic sector
In the previous two sections we have shown that the medium frequency variability M over the subpolar North Atlantic tends to be stronger when the NAO is in its low index polarity. In this section we make use of compositing to document the structure of extreme (i.e., high amplitude) events as defined by the anomalies in the unfiltered geopotential height field Z9. Nearly identical results are obtained using Z LM as a basis for the composite (not shown). The primary motivation for showing these results is to relate our analysis of the time-filtered data to the recent literature on blocking and wave breaking. Before proceeding, we will review some of the more important recent developments in that field. Feldstein (2000) showed that the spatial signature of the NAO as defined by rotated EOF (REOF) analysis of the hemispheric 500-hPa height field is remarkably similar, regardless of whether the analysis is performed on seasonal-mean, monthly-mean, or unfiltered daily data.
A daily NAO index (NAO-D), derived by projecting unfiltered, daily 500-hPa height fields onto the REOF that corresponds to the NAO, was found to exhibit a decorrelation time, as defined by the e-folding time of its autocorrelation function, of about 8 days. Motivated by these results, Feldstein (2003) went on to explore the evolution of unfiltered daily 500-hPa height composites over a three-week interval during the onset of extended (.5 day) episodes of contrasting polarities of the NAO. He found the patterns of evolution to be quite different from NAO2 and NAO1 and concluded that the life cycle of the NAO is dominated by nonlinear processes. Continuing along this line of reasoning, Benedict et al. (2004) examined the day-to-day evolution of the distribution of potential temperature on the tropopause in association with fluctuations in NAO-D. They concluded that both polarities of the NAO originate from and are maintained by breaking synoptic-scale waves and that it is the remnants of these breaking waves that form the physical entity of the NAO. More recent studies of Rivière and Orlanski (2007), Martius et al. (2007) , and Strong and Magnusdottir (2008) provide further evidence of the close association between the polarity of the NAO and the frequency of occurrence of anticyclonic and cyclonic wave breaking events. Woollings et al. (2008) elaborated further on this ''synoptic view'' of teleconnection patterns, by showing that month-to-month and winter-to-winter variations in the seasonal-mean NAO index are highly correlated with the frequency of wave breaking events that lead to Greenland blocking episodes (GBEs). When the climate system resides in the NAO1 state, GBEs are infrequent, so the flow can be considered unblocked, whereas, when it is in the NAO2, it is marked by frequent wave breaking and GBEs. Based on this result, they argued that extended intervals of NAO2 and extended intervals of frequent blocking over the high-latitude North Atlantic are simply two different ways of characterizing the same phenomenon. Motivated by their results, we will compare composites for strong positive and negative 500-hPa height anomalies observed during extended intervals of NAO2. For this purpose we will focus on the anomalies at a grid point in Baffin Bay, which corresponds to a prominent maximum in the patterns in the left panel of Fig. 5 and in Figs. 6a,b.
Figures 9 and 10 show sets of composite maps for high amplitude events at the Baffin Bay grid point (BB1 for positive 500-hPa height anomalies and BB2 for negative anomalies, 10 events in each), both subject to the restriction that NAO-L be in the bottom tercile of its frequency distribution and that the days in the composite be at least 10 days apart. The days included in the BB1 composite turn out to be the same, regardless of whether the restriction on the NAO index is imposed, but the restriction strongly influences the makeup of the BB2 composite. The reader may wish to compare these patterns with one-point correlation maps for Z L and Z M at a nearby grid point over the southern tip of Greenland, shown in Fig. 3 . In the BB1 composite, the patterns in Z L and Z M are of roughly comparable amplitude and reinforce one another to create a strong Z9 pattern. The amplitude of the anomalies in BB2 is less than half that in BB1 because the Z L and Z M patterns tend to cancel rather than reinforce one another. Cancellation tends to occur over both Greenland and Scandinavia, near the centers of action of the NAO 500-hPa height signature. By construction, both BB1 and BB2 composites exhibit a NAO2 signature. As in results presented in Fig. 9 of Woollings et al. (2008) , the NAO2 signature is enhanced in BB1 and distorted and suppressed in BB2, but the pattern of Z L in both composites projects negatively upon the NAO. The contrast between the Z9 fields in the BB1 and BB2 composites is thus seen to be mainly a reflection of their opposing Z M signatures, both of which resemble the one-point regression map in the right panel of Fig. 3 but with opposite signs. The similarities between these patterns suggest a role of linear dynamics in high amplitude events at Baffin Bay. We will comment further on the relationship between the results in our Figs. 9 and 10 and Fig. 9 of Woollings et al. (2008) in section 8.
Lag composites for extreme events of contrasting polarity at Baffin Bay (Fig. 11) provide evidence of the role of linear wave dynamics in the evolution of M. Extreme events of both polarities are associated with retrograding long waves in the Z M field that exhibit downstream development of new centers of action. The evolution is reminiscent of lag-correlation maps of Blackmon et al. (1984b) and analyses of cyclic behavior on week-to-week time scales by Kushnir (1987) , FIG. 10 . As in Fig. 9 but for the 10 days with the lowest values of Z9 at the Baffin Bay grid point. Branstator (1987) , and Lau and Nath (1999) . Similar evolution is evident in the lag composite for the onset of NAO2 in Feldstein (2003) . There are differences between the BB1 and BB2 composites (e.g., the stronger downstream development in the composite for negative anomalies at Baffin Bay in Fig. 11 ) that may be a reflection of nonlinear processes. Analysis and interpretation of these features is beyond the scope of this paper.
Composites analogous to those in Figs. 9-11 but based on sample sizes ranging up to 200 were also examined. Some of these results are shown in Rennert (2007) . All results discussed above and in section 8 were found to be robust in terms of sample size.
Variability in the Pacific sector
The leading EOFs of the 500-hPa height variability in the three frequency bands over the Pacific sector, shown in Fig. 12 , are analogous in many respects to their counterparts for the Atlantic sector. EOF 1 of the Z L field is of planetary scale and resembles the PNA pattern; EOFs 1 and 2 of the Z M are suggestive of a more zonally oriented train of long waves with an axis extending along the coast of Alaska; and EOFs 1 and 2 of Z H are the signature of baroclinic waves propagating along the climatological-mean storm track. In the Atlantic sector the primary centers of action of the leading EOFs of L and M are collocated, whereas in the Pacific sector there is no such correspondence. The cross-frequency coupling in the Pacific sector is also somewhat different from that in the Atlantic. In this analysis, the most distinctive and informative Pacific sector patterns are obtained when maximal covariance analysis (MCA) [referred to as singular value decomposition (SVD) analysis in Bretherton et al. (1992) ] is applied to the Z L field paired with the Z M 2 field. The spatial patterns of the leading mode, shown in Fig. 13 , consist of a north-south dipole in Z L in the central Pacific paired with a monopole in the Z M 2 field centered over southwestern Alaska near the maximum in EOF 1 of Z M . The dipole in Z L is reminiscent of the NAO and it also resembles the western Pacific pattern (WPP) that Woollings et al. (2008) find to occur in association with high-latitude blocking episodes in the Pacific sector. The WPP projects negatively upon the extratropical response to ENSO. The associated pattern in the Z M 2 field is analogous in some respects to the pattern in Fig. 5 . The relationships in Fig. 13 are consistent with the greater frequency of blocking during the cold phase of the ENSO cycle noted by Renwick and Wallace (1996) . Composite maps for the 10 most extreme positive anomalies at the southwest Alaska grid point (608N, 1508W), subject to the condition that the WPP index be in its lowest tercile, are shown in Fig. 14 . The signature in the Z9 field (Fig. 14b) is reminiscent of Alaska blocking identified by Hartmann and Ghan (1980) , Dole and Gordon (1983) , and Renwick and Wallace (1996) and it resembles the pattern of retrograding low frequency disturbances over the North Pacific Ocean identified by Lau and Nath (1999) . By construction, the Z L contribution (Fig. 14c) resembles the Z L MCA signature (Fig. 13, referred to here as WPP2) . The corresponding lag composites (not shown) exhibit pronounced retrogression and downstream development analogous to that in the Atlantic sector (Fig. 11) .
Discussion
The analysis presented in this paper confirms conclusions of studies cited in the introduction that M exhibits a at subpolar latitudes appears to be influenced by Rossby wave dynamics, with retrogression of individual centers of action due to the beta effect, and development of new centers to the east, consistent with the eastward group velocity of Rossby waves, as diagnosed and described in Lau and Nath (1999) and other previous studies.
In agreement with results of Blackmon et al. (1984a,b) and Feldstein (2000) , we find that the leading EOFs of L are extremely robust with respect to the choice of filter used in partitioning the variance between L and M, the distinctiveness of the EOFs of L and M notwithstanding. As the (L, M) cutoff is shifted toward lower frequencies, the leading EOFs of M become more planetary in scale and more like the signatures of hemispheric-scale teleconnection patterns, but some distinction between the leading EOFs of L and M remains even when L is restricted to the interannual variability of wintertime means and M includes all the intraseasonal variability about the wintertime means (Blackmon et al. 1984a,b; Kushnir and Wallace 1989) .
While it is true that the familiar planetary-scale teleconnection patterns dominate the structure of the leading EOFs regardless of whether, or how strongly, the data are low-pass filtered, their influence is diluted in unfiltered daily or 6-day low-pass filtered data by the presence of M, as is reflected in the declining fraction of the total variance explained by the leading EOFs of L as the high frequency cutoff of L is shifted toward higher frequencies. As the dominance of the teleconnection patterns declines and the influence of retrograding, eastward-dispersing Rossby waves increases, the one-point correlation patterns for grid points near their centers of action become more isotropic (e.g., see Figs. 4-10 of Blackmon et al. 1984a,b) , as do the EOFs themselves (Figs. 1-3 of Feldstein 2000) . Regardless of how they are formed, daily indices of teleconnection patterns such as the NAO are influenced by the structures associated with M. For example, Fig. 15 contrasts the shape of patterns derived by regressing Z L and Z M fields upon the daily NAO index NAO-D formed by projecting daily Z9 fields onto the leading EOF of Z L in the Atlantic sector. By construction, the Z L regression pattern, shown in the left panel of Fig. 15 , is identical to the pattern used in generating the daily index, and it corresponds to the NAO as defined in this study. In contrast, the Z M pattern in the right panel of Fig. 15 resembles the leading EOF of M (Fig. 2,  middle panel) . Hence, while it is clear that the circulation changes responsible for variations in the NAO index on the time scale of M project strongly upon the spatial pattern of the NAO (r 5 0.76), they are not quite the same as the NAO teleconnection pattern.
The evolution of the pattern in Fig. 15 is responsible for the relatively short decorrelation time of the NAO index. Figure 16 shows the autocorrelation function f(t) for NAO-D. Consistent with results of Feldstein (2000) , f drops off rapidly with lag over the first week, with an e-folding time ;8 days. Beyond 10 days the curve flattens out, remaining above 0.2 out to 20 days and above 0.1 out to beyond 30 days. In contrast, f(t) for Z9 at the primary center of action of the NAO near the southern tip of Greenland (608N, 508W) exhibits substantially less autocorrelation, especially in the 10-20-day range. We hypothesize that it is not so much their longer e-folding times as the broad positive ''shoulders'' of their autocorrelation functions that distinguish teleconnection patterns like the NAO from other patterns of variability.
We have shown evidence of cross-frequency coupling between L and M. In the Atlantic sector, the variability associated with EOF 1 of Z M is enhanced when NAO-L (i.e., PC 1 of Z L ) is in its low index polarity; that is, Z M 2 tends to be enhanced over Greenland during extended intervals of positive Z L over Greenland. In the Pacific sector, the variance of Z M over Alaska tends to be enhanced when the WPP, a north-south seesaw analogous in shape and geographical position to the NAO, is in its FIG. 14. As in Fig. 9 but events are selected from periods of the low polarity of the WPP for the grid point (608N, 1508W). negative polarity; that is, Z M 2 tends to be enhanced over Alaska during intervals of positive Z L over the Bering Sea. Cross-frequency coupling is also observed between L and H. Consistent with results of numerous previous studies, the L-H coupling in the leading EOFs is in the sense as to reinforce L; bands of westerly wind anomalies are marked by anomalously strong baroclinic wave activity, which favors the convergence of the eddy flux of westerly momentum. Results presented in Rennert (2007) suggest that the M-H coupling is in the sense as to reinforce M as well; that is, that the baroclinic waves tend to reinforce both L and M components of the background flow. The dynamical interpretation of the L-M coupling is less clear.
Cross-frequency coupling gives rise to much, if not all, of the observed skewness of the 500-hPa height field. In the formal expansion presented in section 5, the crossfrequency term accounts for roughly two-thirds of the skewness. For a (30 day) 21 cutoff frequency between L and M, M exhibits very little skewness in its own right on the poleward side of the jet stream and only modest skewness on the equatorward side. If the cutoff frequency is shifted from (30 day) 21 to (20 day)
21
, the skewness of M disappears entirely. As the cutoff is shifted from (30 day) 21 toward lower frequencies, M develops positive skewness at high latitudes and makes an increasingly important contribution to the total skewness at all latitudes. In contrast, the relative contribution of Z L 3 to the total skewness increases as the cutoff frequency is raised. At (30 day) 21 it accounts for about onethird of the total, whereas at (20 day) 21 it accounts for roughly half. Hence, the skewness of both L and M varies in proportion to the frequency range that they occupy. That the contributions of L, the cross-frequency term, and M all exhibit very similar geographical distributions, and that the skewness of L and M varies in proportion to their respective bandwidths, suggest that the contributions of all three terms may be a reflection of crossfrequency coupling either within or between L and M. Composite fields for high amplitude events of contrasting polarities in Z9 offer a synoptic perspective on the roles of L and M in wave breaking and high-latitude blocking events. In contrast to many recent studies that emphasize the role of nonlinear wave breaking, the results presented in section 6 highlight the role of the linear component of the flow. The similarity of the evolving Z M signatures in our BB1 and BB2 composites, apart from the sign reversal, is evidence of the pervasive influence of linear Rossby wave dynamics in the onset and demise of high amplitude events of both polarities. A useful perspective on the role of nonlinearity might be achieved by considering departures from a linear reference state that incorporates the linear dynamics.
In agreement with results of Woollings et al. (2008) , who find an enhanced frequency of occurrence of wave breaking during NAO2 and WPP2 months, we find enhanced Z M 2 in the same regions in months when 30-day low-pass filtered indices of the NAO and the WPP are in their lowest terciles. Given that full Z field composite charts for our BB1 high amplitude events and their counterparts in the Pacific sector resemble wave breaking signatures, it seems likely that the composites for wave breaking days in NAO2 and WPP2 months in their study are made up of many of the same days as the composites in our Figs. 9 and 14. Woollings et al. (2008) showed in their Fig. 9 that composite maps for wave breaking days during NAO2 (WPP2) months exhibit much stronger patterns of sea level pressure and 250-hPa streamfunction anomalies than composites for non-wave-breaking days during those same months. In agreement with their results, we find much stronger NAO2 signatures in our BB1 composites than in our BB2 composites drawn from extended intervals of NAO2. Yet, in their nonwave-breaking composite (their Fig. 9 ) and our BB2 composite (our Fig. 10 ), there remains a weak and degraded NAO2 signature that testifies to the existence of a week-to-week memory of the NAO that transcends the occurrence of wave breaking.
Our results support the notion that teleconnection patterns represent the equilibrated response of the planetary waves to low frequency [(,30 day) 
] stochastic forcing and slow variations in boundary forcing, taking into account the statistically averaged feedbacks from the high frequency forcing (Lorenz and Hartmann 2001, 2003; Jin et al. 2006a,b) . In contrast, ''the synoptic paradigm'' articulated in Feldstein (2000) is mainly concerned with the onset and decay of .5-day-long episodes of positive and negative polarity of daily indices of teleconnection patterns. In the context of the equilibrated response paradigm, teleconnection patterns are viewed as a part of climate, whereas in the context of the synoptic paradigm they are viewed as an extension of weather into the intermediate frequency domain M. The two paradigms motivate quite different research agendas, the former directed toward understanding fluctuations in teleconnection patterns on time scales of a month or longer and the latter toward using daily indices of teleconnection patterns as a way of characterizing atmospheric variability on the week-to-week time scale. In combination, the two paradigms provide a framework for exploring the dynamical interface between weather and climate.
